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The work described herein was done at the Research and Development 
Division, Whittaker Corporation, under NASA Contract NAS 3-14324 with 
Mr. Leonard J. Westfall, NASA -Lewis Research Center, as Project Manager. 
Mr. Stanley Freske was the Whittaker Program Manager and principal 
investigator . 
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ABSTRACT 


Improvements were sought in an oxide fiber of a core-sheath configura- 
tion, intended for structural applications at 2000°F (1093°C) . Discontin- 
uities in the core were eliminated by using core materials other than pure 
alumina, and thus continuous core-sheath fibers were produced. In the case 
of some core materials, the continuous sections were sufficiently long for 
applications in short fiber composites. Creep at 2000°F (1093°C) was found 
to be due, in most cases, not to creep in the core, but to breaks in the 
core allowing the glass sheath to creep. The problem of low core strength 
was not solved; however, evidence was obtained indicating that a closer 
match between the thermal expansion coefficient of the sheath and the core 
would greatly improve the strength. 
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I . SUMMARY 


The objective of this work was the development of a core-sheath process 
for producing an oxide fiber possessing superior mechanical and chemical 
properties at 2000°F (1093°C) and above. Of the two major difficulties 
which existed at the outset of the program, mullite sections in the core, 
and insufficient mechanical performance by the fiber especially at 2000°F 
(1093°C), only the first was successfully solved. 

Several approaches were used in attempts to eliminate the core discon- 
tinuities. Increasing the alumina content of the sheath glass was tried, 
but was found to be too detrimental to the forming process. Lengthening 
the core orifice nozzle to minimize diffusion of SiC >2 into AI 2 O 3 was 
successful in this respect but sufficiently changed the inherent process 
so as to cause steeper temperature gradients in the dual bushing assembly. 

As a result, overheating and melting of several iridium bushings developed 
before proper control of the temperature was established. Once these 
problems were overcome, the nozzle lengthening produced a significant im- 
provement in the core. However, the approach which provided the real 
solution to the problem of core discontinuities consisted of replacing the 
pure alumina with other, appropriate core compositions. It became obvious 
later in the contract that the discontinuities were caused by the large 
volume shrinkage exhibited by alumina during solidification and by thermal 
expansion mismatches between the core and sheath materials. X-ray data 
indicated that mullite formation, previously thought to be the primary 
cause of the discontinuities, did not occur even when the core initially 
contained silica. Of the new core compositions used in this work, the 
best appears to have been spinel (MgO'A^O^). 

Some questions concerning the mechanical performance of the core-sheath 
fiber were answered, but the basic problem was not solved. The creep ob- 
served at 2000°F (1093°C) was a reflection of creep in the core in only a 
few cases. In most cases, breaks developed in the core, and the creep 
actually occurred in the glass sheath. Thus, the basic problem is one of 
low tensile strength of the core. It is considered highly probable that 
the low strength is in large measure due to the fact that the thermal 
expansion coefficient of the sheath is almost an order of magnitude 
smaller than that of the core. Work on increasing the thermal expansion 
of the sheath glass .without decreasing the viscosity was initiated but was 
not completed. 



II. INTRODUCTION 


This project constituted a continuation of contract NAS 3-12434* 
which was a study of the feasibility of manufacturing oxide fibers of a 
core-sheath configuration for high-temperature structural applications. 
Although feasibility was proved by the production of samples, two serious 
problems crystallized out of the preceding project: 

1. The composition varied in the core resulting in alternating 
sections of mullite and sections of relatively pure AI 2 O 3 
contained in a glass sheath. The alternating two-phase core 
caused stress concentrations between the phases which resulted 
in the second problem. 

2. Insufficient strength and creep resistance of the fiber in 
tension, in particular at 2000°F (1093°C). 

At the outset of the project reported here, it was felt that the 
first problem had to be solved before there could be any hope of solving 
the second, and the work proceeded accordingly. The first problem was 
believed to be caused by mixing of the liquid core and sheath materials 
from nozzle flow turbulence and by diffusion. The mixing was minimized 
by improving the flow and shortening the time at temperature for diffusion 
during the fiber forming process. 


*"Investigation to Develop a Core Sheath Process for Production of Oxide 
Fibers," NASA CR-72758, 5 August 1970 



III. EQUIPMENT AND PROCESS DEVELOPMENT 


Changes were made in the basic fiber forming equipment utilized in 
the performance of the preceding contract, and centered on the bushing 
(see Fig. 4 of NASA CR-72758) . Experimentation centered on materials of 
manufacture and orifice configuration, and represented about half of the 
contract effort. 

The materials used for the bushing were iridium, tungsten, and 
molybdenum. Of the three, iridium was the best since it did not react 
with any of the molten oxides, however its low melting point 4442°F 
(2450°C) and its very high cost made it less desirable for the outer 
bushing. Tungsten and molybdenum are lower in cost and have sufficiently 
high melting temperatures, although both react with the liquid glass. The 
tungsten bushing was the better of the two. 

The diameter of the opening of the outer orifice was decreased to 
compensate for the lower viscosities produced by composition changes in 
the glass. It was found that a sheath orifice opening of 0.25 inch 
(0.62 cm) was adequate for the modified glasses, 5A glass (SiO^-SVo A^O^). 

In the search for a method to eliminate the discrete sections of 
mullite in the fiber core, it was decided to lengthen the core orifice 
nozzle for the following reasons: 

1. The long nozzle injects A^O^ into the molten glass at a point 
near the bottom of the forming cone. The time of contact 
between the alumina and the sheath glass with both in the 
molten state is shortened, thus allowing less time for silica 
to diffuse into the core. 

2. The alumina is injected into the forming cone at a point where 
the temperature of the glass is lower and the viscosity higher, 
thus reducing the rate of diffusion of silica into the core. 

The alumina would remain molten until ejected from the nozzle 
since it carries a considerable amount of heat with it. 

Preliminary experiments using a tungsten rod simulating the nozzle 
were carried out to determine the extent to which the nozzle could be 
lengthened without adverse effects on the fiber forming. The temperature 
gradient along the rod was also determined. A temperature drop of 360°F 
(200°C) was observed over the first inch below the sheath orifice at 
normal forming temperature as well as at considerably lower temperatures. 

When the new core bushing arrived from the manufacturer, it was 
found to have a nozzle considerably longer than expected. It projected 
1.4 inch (3.56 cm) beyond the sheath orifice as compared to 0.15 - 
0.2 inch (0.38 - 0.51 cm) in the case of the original nozzle. When this 
bushing was tried, the glass flowed along the nozzle and formed a small 
cone at the tip, just as desired. On the other hand, the alumina could 
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not be made to flow through the nozzle even though a temperature reading 
of 3830°F (2110°C) was obtained at the tip of the nozzle, and pressure 
pulses were superimposed on approximately 12 inches (30.48 cm) of static 
pressure above the core melt. The nozzle was cut to 1.1 inch (2.79 cm), 
giving a projection beyond the sheath orifice of 0.8 inch (2.0 cm). In 
subsequent experiments, two iridium sheath bushings were destroyed through 
localized melting. Yet, the alumina would not flow, except for an uncon- 
trolled flow which occurred at approximately the time when the first 
bushing melted. Since the highest temperature reading at the nozzle tip 
was 3685°F (2030°C) in one case and 3694°F (2035°C) in the other, as com- 
pared to the much higher value of 3830°F (2110°C) in the earlier experi- 
ment where no such melting occurred, it was conjectured that the local- 
ized melting was caused by the development of hot spots on the heating 
element. Supporting evidence was obtained by sending a current through 
the element large enough to produce the first red glow, with the furnace 
chamber open. The glow occurred in a pattern which corresponded quite 
well to the melting pattern on the first bushing, while the rest of the 
element remained dark. A different element was used with the second 
bushing, and was not tested. 

The iridium sheath bushing was replaced with a tungsten bushing to 
avoid further melting. In a subsequent experiment, however, during which 
a maximum temperature reading of 3750°F (2065 °C) was obtained at the 
nozzle tip, while no flow of alumina was obtained, the core bushing melted. 
This cannot be explained in terms of hot spots on the heating element. On 
the other hand, examination of the data shows that the power settings at 
the time of this occurrence should have produced a temperature consider- 
ably higher than that recorded. Factors such as smoke in the furnace 
chamber or deposit on the sight window, which may go unnoticed, can dras- 
tically lower the temperature readings. Whatever the cause of the melting, 
the indication was clear that a further shortening of the core orifice 
nozzle was necessary to bring about the flow of alumina. 

A complete, new iridium bushing assembly was obtained. The length 
of the core orifice nozzle was 0.9 inch (2.28 cm) and projected 0.6 inch 
(1.52 cm) beyond the glass orifice, which had a diameter of 0.25 inch 
(0.635 cm). The sheath bushing was equipped with four iridium/iridium 
507o rhodium thermocouples in an attempt to protect it from excessive 
temperatures and consequent melting. Furthermore, a heating coil was 
fashioned from 0.04 inch (0.01 cm) diameter Zirtung* welding electrodes 
and was placed around the nozzle to reduce the temperature gradient between 
the bushing and the nozzle tip. Also for the purpose of reducing the 
temperature gradient, the Zircoa-Cast** bushing support was provided with 
three large openings to permit radiation from the main heating element to 
reach the nozzle. The thermocouple readings were consistently more than 
360°F (200 e C) below the corresponding optical pyrometer readings, and can 
be assumed to be in error. During the third run, all four thermocouples 
failed at a temperature of approximately 3632°F (2000°C). The nozzle 

* Sylvania Electric Products, Inc. 

** Zirconium Corporation of America 
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heating element had the desired effect of reducing the temperature gradient 
but, again during the third run, it failed due to oxidation before any 
attempt at core-sheath fiber forming had been made. In spite of these 
failures, however, flow of alumina was obtained through this 0.9 inch 
(2.28 cm) long nozzle. Unfortunately, after several successful runs, 
localized melting of the sheath bushing did again occur, apparently 
because during the last run, the temperature was allowed to rise to a value 
somewhat higher than needed . 


Resorting again to a tungsten sheath bushing predictably brought 
about the darkening of the alumina-containing sheath glass, so objection- 
able because it interferes with the needed view of the core material as 
it issues from the nozzle into the glass forming cone. For this reason, 
a molybdenum bushing was obtained in the hope that the darkening would 
not occur with the glass in contact with this material instead of tungsten. 
On the contrary, the darkening was considerably more severe in the case 
of molybdenum. This bushing also produced an excessive amount of smoke 
in the furnace chamber and a deposit on the sight window which made 
meaningful temperature readings during forming difficult or impossible. 
Furthermore, a reaction definitely took place at the points where the 
iridium and the molybdenum were in contact. Examination of the bushing 
after all glass had been removed with hydrofluoric acid showed that some 
material had disappeared from the support legs of the iridium core bushing 
and that holes had actually developed in the bottom of the molybdenum 
bushing at the locations where these legs rested. In addition, the nozzle, 
including the orifice, was covered with a metallic material, probably 
molybdenum which could have been deposited through an oxidation-reduction 
process, or an iridium-molybdenum alloy. 



IV. FIBER MANUFACTURE 


A. Sheath Compositions 

Several problems were encountered which had possible solutions 
centered on a change in the glass composition. The first problem was that 
of SiO^ diffusion into the Al^O^ core while both materials were in the 
liquid state. This problem was attacked by adding A^O^ to the SiO^ glass 
to reduce the concentration gradient across the Al^O -SiO^ boundary. The 
second problem was the thermal expansion difference between the sheath and 
the core material. To solve this problem a number of materials were added 
to the SiO^ base glass in an attempt to raise its coefficient of thermal 
expansion while retaining a workable viscosity in the temperature range 
of 3632°F (2000°C) . 

An attempt was made to increase the alumina content of the sheath 
glass for the purpose of reducing the diffusion of silica from the sheath 
into the alumina core. As mentioned earlier, compensation for the un- 
avoidable decrease in viscosity was provided by reducing the sheath orifice 
diameter to 0.2 inch (0.51 cm). An alumina content of 10 w/o was used 
initially, but due to the low viscosity at the temperature required to melt 
the core alumina, the surface tension of the glass was sufficiently high to 
pinch off the fiber just below the forming cone. This condition could not, 
of course, be improved by a reduction in the size of the glass orifice, 
effective only in helping to control the flow’ of glass out of the bushing. 
The alumina content was decreased to 7 w/o and core-sheath fibers were 
drawn, but at a reduced forming temperature, with readings at the nozzle 
tip as low as 1950°C. These were inferior fibers with small core-to-sheath 
ratios and a high frequency of core discontinuities. Finally, the alumina 
content was reduced to the original level of 5 w/o while the 0.2 inch 
(0.51 cm) orifice was retained. These fibers were also of inferior quality, 
prompting the decision to return to an orifice diameter of 0.3 inch 
(0.76 cm) . 

At the higher bushing temperatures required after the longer core 
orifice nozzle had been introduced, the viscosity even of the 5A-glass 
was too low. Thus, a glass containing only 3 w/o alumina (3A-glass) was 
tried, and was found to have ideal forming characteristics. This glass 
was found to have the added advantage of exhibiting considerably less dark- 
ening than the 5A-glass when contained in tungsten. 

Since early tensile strength measurements had indicated that Vycor* 
glass was considerably stronger than either 3A- or 5A-glass, Vycor was 
reintroduced in an attempt to improve fiber properties. The Vycor glass 
has one distinct advantage in that it remains transparent and colorless 
in either a tungsten or a molybdenum bushing. The Vycor glass did not 
wet the core orifice nozzle as easily as the 3A-glass, and it became neces- 
sary to use a tungsten probe to effect complete wetting. Core- sheath fibers 

* Corning Glass Works 
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were formed using Vycor in the sheath and spinel, mullite, and alumina 
in the core, but they generally appeared to be more brittle and contained 
more cracks and discontinuitites than fibers using 3A-gl ass. These differ- 
ences can be accounted for by the Vycor glass having a smaller coefficient 
of thermal expansion than the 3A-glass. 

Since many of the undesirable characteristics of the present core- 
sheath fiber may be caused by the large difference in thermal expansion 
between the sheath and the core, an investigation of sheath glass compo- 
sitions was initiated in an effort to increase the expansion coefficient 
significantly, but without decreasing the viscosity, not an altogether simple 
task. For instance, additions of large cations such as the alkaline metals 
greatly increase thermal expansion, but also drastically reduce viscosity .W 
Several 5-gram batches were mixed and melted in an oxy-hydrogen torch. The first 
column in Table I gives the amount of additive to silica, expressed in percent 
by weight . It was decided that at least 10 w/o would be required to increase 
the viscosity to any significant extent, and this was used as a standard 
addition. For the purpose of comparing viscosity, each sample was mounted 
in the torch, and the temperature monitored by means of an optical pyrometer. 
The temperature readings given in Table I are uncorrected and, of course, 
significantly below the true temperature values. Since the emissivity 
of the various glasses may have varied considerably, a platinum bead was 
deposited on the hot melt in each case, and the temperature readings on 
these beads were used when comparing viscosity. Estimates of the viscosity 
were obtained by probing with a tungsten rod; the statements under "Remarks" 
should be easily interpreted if it is noted that the word "fluid" is used 
whenever the viscosity was too low to draw fibers, and the word "stiff" 
whenever it was too high. 5A-glass (first in the table) was used as a 
reference, since experience has shown that the viscosity of this glass 
is about as low as can be tolerated. 

Five compositions were made but are not included in Table I because 
studying the viscosity of these would have constituted a wasted effort. 

One containing 10 w/o Ti 02 and another containing 10 w/o Cr^^ both turned 
very dark upon melting. This is unacceptable in a sheath glass as explained 
earlier. One contained 10 w/o WO 3 , which apparently did not dissolve in 
the silica but formed small, dark-blue inclusions in the otherwise clear 
glass. Finally, both 10 and 20 w/o M 0 O 3 were used as additions, but in 
each case density determinations by means of Archimedes' principle showed 
that virtually all of the M 0 O 3 volatilized during melting. 

As Table I shows, in the case of four compositions, bubbles were gen- 
erated in the melt. This sometimes occurs when the torch is not adjusted 
to give a neutral flame, but when proper adjustment does not eliminate 
the bubbles, volatilization of the additive is indicated. This, too, is 
unacceptable, and these additives (CaO, BaO, SnOg, an d ZnO) could be elim- 
inated. Of the remaining compositions with a single additive, only the . 
one with MgO appeared to be more fluid than the 5A-glass. This left four: 

La2®3> ^ 203 , Y 2 O 3 , and Zr 02 , each of which appeared more viscous than 
the 5A-glass. The composition containing 18303 unfortunately showed some 
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TABLE I 


PROPERTIES OF SHEATH GLASS COMPOSITIONS 


. , , . . w , 

Additive, /o 

Temperature 

Remarks 

Glass 

! Pt Bead 

5A1 0 

3200°F (17 60°C) 

3191°F (1755°C) 

Slightly too fluid to 

^ J 



draw fibers. 

lOMgO 

3182°F (1750°C) 

| 3200°F (1760°C) 

Quite fluid. 

lOCaO 

3164°F (1740°C) 

3191°F (1755° C) 

Quite fluid. Large 




bubbles . 

lOBaO 

3055°F (1680°C) 

! 3174°F (1745° C) 

Quite fluid. Bubbles. 

lOLa^O^ 

3128°F (17 20°C) 

3200°F (1760° C) 

Quite stiff. 

1! 

3180°F (1750°C) 

3209°F (17 65° C) 

Fairly stiff. 

lOSnO 

* 

3200°F (1760°C) 

Quite stiff. Many 




bubbles. 

10Ta 2 0 5 

3200°F (17 60°G) 

3200°F (1760°C) 

Quite stiff. Striated. 

1° Y 2°3 

3245°F (1785°C) 

3191°F (1755°C) 

Quite stiff. 

lOZnO 

* 

3191°F (1755° C) 

Fairly stiff. Many 




bubbles . 

I0ZrO 2 

3191°F (1755°C) 

3191°F (1755°C) 

Very stiff. 

11 

3326°F (1830° C) 

3326°F (1830°C) 

Quite stiff. 

lOMgO, 10Zr0 2 

3218°F (1770°C) 

3011°F (1655°C) 

Very fluid. 

10Al 2 O 3 ,I0ZrO 2 

3146°F (1730°C) 

3038°F (1670°C) 

Quite fluid. 

5AKO lOZrO 

3389°F (1865°C) 

3191°F (1755°C) 

Slightly too fluid to 

^ 3 A 



draw fibers. 

it 

3218°F (1770°C) 

2957°F (1625°C) 

Slightly too fluid to 




draw fibers. 


*Could not read due to bubbles. 
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darkening, although probably not enough to create serious problems. Since 
La 2® 3 and Y2O3 are comparatively expensive, ZrC>2 was chosen as the first 
candidate. With this oxide as the only additive, the material did not 
seem to have good fiber forming properties. Addition of a third component 
was tried to bring about improvement in this respect. 10 w/o MgO did not 
seem to have the desired effect, but did reduce the viscosity drastically. 
10 w/o AI2O3 improved fiber forming characteristics, but appeared to pro- 
duce too great a reduction in the viscosity, while an addition of 5 w/o 
AI2O3 produced a glass which appeared to be very close to 5 A-glass in vis- 
cosity and fiber forming ability. When this glass was tried in the bush- 
ing, however, it was found to be considerably less viscous than required. 

On the other hand, when the glasses containing 10 w/o La203 and 10 w/o 
^ a 2^5 were melted in the bushing, both were found to have an acceptable 
viscosity, with the Ta2C>5-containing glass slightly higher in viscosity 
than ideal. A considerable amount of fiber was drawn from each glass at 
approximately 3730 °F ( 2055 °C). The glass containing Y2O3 was not tried in 
the bushing. One intention in these experiments was of course to form 
core sheath fibers to observe any improvement brought about by the new 
glass compositions. But, because of the metallic deposit covering the 
nozzle and in particular the orifice (discussed earlier), the core material 
could not flow. Depletion of funds prevented remedial action and repeti- 
tion of the experiments. 

B. Core Compositions 

It became apparent early in the program that AI2O3 had some undesirabl 
physical properties for use in the core-sheath liquid phase process for pro 
ducing oxide fibers. The major problem with AI2O3 was the approximately 
24 % reduction in volume which it undergoes when passing from the liquid to 
the solid state. It was felt that the large volume contraction upon 
solidification had to be reduced or eliminated to produce successful two 
phase oxide fibers. Modifications of the core composition were undertaken 
to solve this problem. 

The use of Lucalox* alumina was discontinued in favor of reagent 
grade alumina in powder form to reduce cost, but more importantly to allow 
easy mixing with various additives. Additives which were tried while the 
short ( 0 . 5 -inch) ( 1.27 cm) core orifice was still in use were 1 w/o C^C^, 

2 w/o Fe203, 5 w/o Fe203 and 2.5 w/o MgO. The Cr2 O3 -addition had the 
unfortunate effect of breaking the fiber almost immediately upon injection 
into the forming cone, thus making fiber forming extremely difficult. In 
contrast, when either concentration of Fe203 was used, the core-sheath 
fiber was actually easier to draw than when using pure alumina. It was in 
this fiber that the first indication was seen that the core discontinuities 
may have been caused by a difference in thermal expansion between sheath 
and core, rather than by silica migration into the core. A core sheath 
fiber was formed with the MgO-addition, but with some difficulty. The 


* General Electric Co. 
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tendency of this fiber to break during forming was intermediate between 
that of the one using' pure alumina and the one using 1 w/o CrgOg in the 
core. 

After the 0.9-inch (2.28 cm) core orifice nozzle had been tested 
successfully with pure alumina, several core compositions were tried. The 
Fe 203 -addition was increased to five and ten weight percent, and in each 
case core-sheath fibers were formed with ease. When the 1 w/o CrgOg- 
addition was used again, fiber forming was virtually as difficult as when 
it was used with the short nozzle. On the other hand, an addition con- 
sisting of a combination of 5 w/o CrgOg and 5 w/o FegOg permitted core- 
sheath fiber forming without difficulty. Apparently, the Fe 203 compensated 
sufficiently for the detrimental effect the Cr 203 has on the forming 
process. Core-sheath fibers were also drawn using the core compositions 
20 m/o Sn^Og in alumina and 3 Y 2 O 3 • 5 AI 2 O 3 (37.5 m/o Y 2 O 3 ) . Each of these 
oxides, SmgOg and Y2O3, has been shown t-2 J to reduce significantly the 
volume shrinkage exhibited by alumina during solidification. Besides 
mullite ( 3 AI 2 O 3 • 2 Si 02 ) and spinel (MgO-A^Og), alumina compositions used 
were AlgOg-TiC^, BaO-bAlgOg, and 40 w/o VgOg in alumina. Core-sheath 
fibers were obtained with all of these, except possibly the last one where 
it is not certain that a core was obtained. Since the accepted value for 
the melting point of spinel is about 100 D C higher than that for alumina, 
difficulties were anticipated but did not materialize; fibers with a 
spinel core were drawn in the range between 3713°F (2045° C) and 3766°F 
(2075°C), according to the optical pyrometer. The spinel core showed 
a certain amount of promise, and two small additions were used in attempts 
to further improve properties, 3 w/o TiC> 2 , and 3 w/o CrgOg . In each case, 
core-sheath fibers were obtained. 



V. FIBER EVALUATION 


A. Fiber Defects 


The discontinuities present in the core of most fibers were believed 
to be caused from three separate sources. 

The first source of defects was the diffusion of SiO^ into the Al^O^ 
core while both materials were in the liquid state. With the old short 
nozzle on the inner bushing, a large forming cone of SiO^ was formed. The 
Al^O^ was injected into this mass of liquid Si 02 while a glass fiber was 
being pulled. The Al^O^ would be carried along with the Si0 9 glass and 
pulled into a fiber. This process produced a relatively long contact time 
between the two materials at 3722 F (2050 C) where diffusion was inevitable. 
Also a certain amount of turbulence was present to cause further mixing. 

The compound derived from the mixing and diffusion was mullite which was 
found as inclusions in the core of the two phase fibers (Figure 1). It is 
believed that the mullite formed in the forming cone and agglomerated to 
completely fill the core cross section at discrete intervals. As stated 
earlier, this problem was solved primarily by extending the core nozzle to 
a point very close to the end of the glass forming cone. This equipment 
improvement decreased the time the two liquids were in. contact, reduced 
the turbulance and minimized the amount of mullite formation. 

The second and third problems were encountered after the mullite 
problem was eliminated. The further problems were associated with the 
approximately 24 7. volume shrinkage of the A^O^ upon solidification and 
the thermal expansion mismatch between SiO„ glass (0.5x10“^ per°C) and 
^2°3 (9*OxlO“6 per °C) . 

After the longer inner nozzle was successfully used to make core 
sheath fibers a new type defect was found, as shown in Figure 2. Both 
internal voids and cracks in the core were present. It became apparent 
that the effects of the volume shrinkage of A^O^ were finally being 
observed. Since Al^O^ solidifies at a specific temperature, 3722 °F (2050°C), 
while the glass solidifies over a rather broad temperature range, the A^O^ 
core fiber was being subjected to a restraining tensile force by the glass 
sheath that is cumulative along the length of the core fiber. When the 
stress is sufficiently’ large the core fiber will fail and contract within 
the limits of further constraint by the glass sheath. Such a process would 
cause voids as shown in Figure 2. This process may have been in effect 
with the shorter nozzle but it was masked by the large amounts of mullite 
which were being formed. Further, since mullite solidifies at a lower 
temperature, 3288 F (1810 C), it could flow and prevent some voids which 
otherwise might have formed because of volume shrinkage, obscuring the 
primary cause of discontinuities in the core. 

The last and equally important problem is thermal expansion mismatches 
between the core and sheath. Small cracks were also present in the core of 
many fibers which were the nucleation site for cracks initiation in the glass 
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Figure 1. 


Core Discontinuity, Old 
Type (Magnification 88) 



Figure 2. Core Discontinuity, New 
Type (Magnification 88) 
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sheath. Figure 3 . This type of defect is a low temperature phenomenon 
which can be explained' by the thermal expansion mismatch of the core and 
sheath. The stress that is built up by the mismatch increases as the fiber 
cools to room temperature. When the thermally induced stress reaches the 
point where core failures occur in tension, the glass is very stiff and 
cracking of the core is accompanied by crack propagation into the adjacent 
glass sheath. Of all the defects, this one is the most damaging since the 
propagation of the existing cracks is initiated at a relatively low stress. 

The early failures in the creep tests seem to indicate the presence of pre- 
existing microscopic cracks. 

B. Fiber Defects as Effected by Composition 

Even small modifications of the alumina core often had very marked 
effects . It has already been mentioned that only 1 w/o of C^Og made core- 
sheath fiber forming virtually impossible. On the other hand, Fe2C>3 in 
various concentrations not only facilitated forming, but also produced a 
fiber with core discontinuities which, although numerous, were of almost 
microscopic size; just barely detectable by direct visual examination. 

Under the microscope they also looked different from those commonly seen 
earlier (old type); instead of the usual tapering of opaque alumina into 
transparent sections, the boundaries of the new type were sharp and per- 
pendicular to the fiber axis (Figures 1 and 2 ). They definitely looked 
like the result, not of silica diffusion, but of the contraction of the 
core being greater than that of the sheath. The 2.3 w/o MgO was added 
to the alumina in the hope of reducing the volume shrinkage, but apparently 
did not have the desired effect since the discontinuities persisted. 

When the longer core orifice nozzle was used, this new type of dis- 
continuity was more common than the old type even in cores containing pure 
alumina. When 5 w/o Fe2C>3 was used with the longer nozzle, the frequency 
of discontinuities was greatly reduced from what it was when this material 
was used with the short nozzle. Thus, the long nozzle brought about an 
improvement both with respect to silica diffusion and fluid flow character- 
istics of the process. Increasing the Fe 9 03 content to ten volume percent 
did not result in additional improvement, but combining 5 w/o Fe2C>3 with 
with 5 w/o Cr203 did appear to further reduce the frequency of discontinuities 
The two additives Y2O3. and S1112O3 apparently had the desired effect of re- 
ducing the volume shrinkage of the alumina to a point where no discontinuities 
developed in the core. Not a single flaw could be detected in the core con- 
sisting of 3Y2O3 . 5AI2O3 . This core was completely transparent, indicating 
a lack of devitrification. The core consisting of 20 m/o S1112O3 in alumina 
was also basically transparent, but contained crystallites varying in size 
and abundance. In addition, it contained occasional bubbles, which were 
probably the result of either gas formation in the core or of a viscosity 
sufficiently high to prevent the escape of entrapped gas in the time 
available. In the case of the fiber with a mullite core, the core ranged 
from transparent to almost completely crystallized. Transparent cores were 
also obtained when spinel was used, but in some samples the core was white 
and opaque without any detectable flaws. Some very high core-to-sheath 





ratios were also obtained in the case of this fiber. The core consisting 
of A^O^.TiC^ was black or almost black, and appeared glassy and completely 
free of flaws. The core-to-sheath ratio was very large. When heated for 
a few seconds in the propane torch the core turned various shades of blue, 
from very dark to almost white. A fiber containing 3 w/o TiC^ in spinel 
produced a core which was very similar in appearance to the AI 2 O 3 .TiC^ -core 
after the treatment in the torch. The core-to-sheath ratio was almost but 
not quite as large. Again, no flaws were detected and the TiC >2 thus appears 
to be very effective in eliminating core discontinuities. When 3 w/o 
was added to spinel a pink core was obtained which contained discontinuities, 
and in the case of the BaObA^O^-core, discontinuities were plentiful. 
Testing at elevated temperature generally brough about devitrification in 
those cores which appeared glassy in the as -formed condition. 

C. Creep and Tensile Strength 

Creep and tensile strength data was first obtained for fibers with 
3A-glass in the sheath and the • following compositions in the core: 10 w/o 
^ e 2®3 •*- n a l um i na > 5 w/o C^O^ + 5 w/o Fe 203 in alumina, 3 Y 2 O 3 . 5 AI 2 O 3 , 20 m/o 
Str^O^ in alumina, MgO-^A^O^ (spinel), and 3 AI 2 O 3 2 Si 02 (mullite). Two 
samples of the yttria-containing fiber were tested for tensile strength at 
room temperature. Oge, with a diameter of 5.86 mils, gave a value of 
49,000 psi (33.8N/cm ) and the other, with a diameter of 6.64 mils, gave a 
value of 52,300 psi (36.lN/cnr). These values are slightly higher than 
those obtained in the past for fibers with pure alumina cores under similar 
conditions. Actually, a considerably greater improvement was expected 
because yttria-containing fibers appear much stronger in handling. All the 
fib.ers were tested for creep and strength in tension at 2000 °F (1093 °C). 

As a check on the temperature of the testing furnace obtained with the 
otpical pyrometer, a thermocouple was inserted in the furnace, and the 
readings compared. The difference between the two was only 11 F ( 6 °C). 

The tensile strength of each fiber was determined by increasing the load 
to the breaking point after the creep had been observed for a period of 
time at a lower stress level. 

The data is presented in Table II. Core diameters were measured 
with the fiber immersed in anisole having an index of refraction of 1.52, 
which is close to that of the glass. The column headed "Stress" gives 
the stress at the point where the creep value shown was measured. In 
choosing this point, an attempt was made to keep the stress values within 
a fairly narrow range. In the case of two fibers (10 w/o Fe 203 and mullite) 
two points were chosen to illustrate the effect of a change in the stress 
on the creep (not directly proportional). In calculating the stress, as 
in calculating the tensile strength, both the fiber diameter and the core 
diameter were used. Microscopic examination subsequent to the tests 
revealed gaps in the core in all fibers except the larger diameter spinel 
fiber and the fiber containing 20 m/o Sn^O^ in the core. At the locations 
of the gaps, attenuation in the glass was seen, while no decrease in the 
core diameter was detected. Thus, the observed creep apparently occurred 
in the glass rather than. in the core, except in the case of the two fibers 
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FIBER PROPERTIES AT 2000 °F (1093 °C) 



CT» ,-Q (N OvO 

• • 

m CM r-l 

cm m 



+ 


CO 

co 

O 

°^S 

CM 


a -»m 

O 

fn e 
3 

O 

o *-< 


d 

3 

3 


d 

in 

in -h t 


o 

O 



00 



CM 

vO 

CO 





vO 

CO 

in 

i-"* 

co 

H 

• 

• 

VO 

CO 

o o 

CM 

vO 



Ov 

<* 

<t 

m 



CO 

o 

m 


CO 


c 


CM 

d 

<y 

c 

U* 

•H 


f= 

o 

3 


* — i 

3 

d 

o 

P 

H 

*d 






























































noted above. In determining the tensile strength, the loading rate was 
quite high, and it is probable that the sheath was carrying its share of 
the load according to its relative cross section. The key to obtaining 
true values for both the creep and the tensile strength of the core appears 
to be a sufficiently slow loading rate to allow plastic deformation of the 
sheath to such an extent that it will carry only an insignificant portion 
of the load. Obtaining both creep and tensile strength data from the same 
sample saved time, but interfered with the microscopic examination of the 
samples subsequent to testing. It could not be ascertained whether cracks 
in sheath and core developed during the creep test or at the moment of 
failure, and furthermore, a portion of the fiber was often lost when it 
snapped, thus preventing a complete examination. 


To test the next group of fibers, the testing procedure was modified 
for the reasons just discussed. In the new procedure, the load applied to 
the fiber was increased in steps, each step being equal to 20 7. of full 
scale deflection on the read-out equipment. The load was maintained at 
each level for approximately five minutes, long enough for virtually all 
the stress to be transferred to the core through plastic deformation in 
the glass sheath, and the creep was observed at each level. The data 
obtained at 20000 °F (1093 °C) is presented in Table III, and. in choosing 
the data points here, an effort was made to keep the stress in the core 
within a narrow range. 


Fibers were also tested at 1600°F (871°C) to determine their useful- 
ness at this temperature. After testing fibers with cores consisting of 
20 m/o Sn^O^ in alumina, and 3 w/o Ti02 in spinel, both of which showed 
little or no creep at this temperature, it was decided to test a 3A-glass 
fiber, without core, for comparison. Surprisingly, this fiber showed no 
creep at 1600 °F (871°C). All three fibers started to slip out of the 
Ceramabond 503* cement (fresh batch, just purchased) when a certain load 
level was reached; 190 gm, 160 gm, and 90 gm respectively, amounting to 
fiber stresses of 21 x 10 3 psi (14.5 x 10 3 N/cm 2 ), 12.8 x 10 3 psi (8.9 x 
10 3 N/cm^), and 12.0 x 10 3 psi (8.3 x 10 3 N/cm 2 ). Two more 3A-glass fibers 
without cores were tested at 1600 F (871 C) but here, fibers long enough 
to be attached directly to the tester jaws, outside the furnace, were used. 
The target for the optical pyrometer was a small bead of Ceramabond 503 
placed on the fiber in the middle of the furnace. No creep was observed, 
and no slip occurred, but the fibers broke at low stress levels, 23.6 x 10 
psi (16.3 x 10 N/cm 2 ) and 30.0 x 10 3 psi (20.7 x 10 3 N/cm 2 ). It should be 
noted that in each case the break occurred, not while the load was being 
increased, but after it had been maintained at the failure level for two 
and three minutes. The tensile strength of 3A-glass fibers with little 
or no core was also determined at room temperature. Ten samples were used, 
and the values were, in order of decreasing strength, 120 x 10 3 psi 

(82.7 x 10 3 N/cm 2 ), 120 x 10 3 psi (82.7 x 10 3 N/cm 2 ), 103 x 10 3 psi 

(71^0 x 103 N/cm.), 96.0 x 10 3 psi (66.2 x 10 3 N/cm 2 ), 84.8 x 10 3 psi 
(58.5 x 10 J N/cm ), 76.3 x 10 J psi (54.6 x 10 3 N/cm 2 ), 73.6 x 10 3 psi 

(50.7 x 10 3 N/cm 2 ), 73.2 x 10 3 psi (50.4 x 10 3 N/cm 2 ), 65.4 x 10 3 psi 


* Aremco Products, Inc. 
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TABLE III 

FIBER PROPERTIES AT 2000 °F (1093 °C) 
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(45.1 x LO 3 N/cm 3 ), and 41.7 x 10 psi (38.8 x 10 3 N/cm 3 ). It must be 
noted that these fibers were taken from bundles, and had therefore been 
subjected to severe abrasion. 

D. X-Ray Diffraction Analysis 

X-ray diffraction spectra were obtained for two fibers containing a 
spinel core, one in the as-formed condition, and one after creep and strength 
testing at 2000 °F (1093 °C). In the first case a spectrum was obtained which 
closely resembled one for a magnesium aluminum oxide described on the card as 
"Metastable intermediate phase related to the spinel structure. Chemical 
composition unknown. Observed only for synthetic spinels of molar ratios 
Mg 0 :Al 203 larger than 1:2.5." In a later experiment a very similar spectrum 
was obtained for the starting material, supposedly a natural spinel. The 
spectrum given for spinel (MgOoA^O^) is considerably different. Visual 
examination of the second sample revealed that the sheath had turned opaque 
during the heat treatment. A definite spectrum for cc-cristoba lite (Si 02 ) was 
obtained, and in addition, a trace of mullite was indicated. These spectra 
were in all probability produced by the crystallized sheath, which apparently 
did not allow the X-rays to penetrate to the core. 

A section of a fiber with a Vycor sheath, and a core composition con- 
sisting of AI 2 O 3 and' Si 02 in a moler ratio of 3:2, mixed with the intention 
of forming mullite, was analyzed. Most of the glass sheath had broken off, 
leaving the well devitrified core bare. The spectrum obtained was not a 
mullite spectrum as expected, but that of a fairly recently reported 1 3 -> 
form of alumina (e-alumina) which is only stable above 3505°F (1930°C). 
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VI. DISCUSSION OF RESULTS 


Of the fibers listed in Table II, the most interesting were of course 
the two which did not show any gaps in the core following testing. Of these, 
the fiber containing 20 m/o Src^O^ showed too much creep at 2000 F (1093 C) 
to be useful at this temperature. The value for the creep of the large 
diameter spinel fiber given in Table II is a maximum value. The small 
creep was taxing the sensitivity of the readout equipment, and the total 
change in the trace on the recorder chart, reflecting the creep, was com- 
parable to the random f luctionations . Thus, the actual creep may have been 
considerably smaller. One source gives a value for the creep of spinel of 
0.439 x lO'^min"^ at a stress of 1800 psi (12.4 N/cm^) and a temperature of 
2370 F (1300 C) . This value is about one order of magnitude smaller than 
the value given in Table II, but at least part of this is accounted for by 
the fact that the stress level is considerably lower. The temperature is 
higher, but not by as much as it appears; our value of 2000 F (1093 °C) is 
an uncorrected optical pyrometer reading and is low due to the fact that 
perfect black-body conditions did not prevail. 

The high creep displayed by the first and last fibers in Table III 
appeared to be the result of attenuation rather than breaks in the core. 
Examination under the microscope before and after testing showed great 
attenuation in the AI 2 O 3 TiO^-core. Thus, this material is not suitable for 
applications at 2000 F (1093 C) . As mentioned earlier, it is not certain 
whether a core-sheath fiber was produced when using 40 w/o V 2 O 5 in alumina, 
since no core could be seen during or following forming. After testing at 
2000 F (1093 C), what appeared to be a core could be seen but it looked 
glassy and had been drawn into a point, thus indicating that the material 
is of no use at 2000 °F (1093°C). In the case of the fiber with a core 
consisting of BaO^A^O^, there was some difficulty in determining whether 
the creep was caused by attenuation or breaks in the core, but in either 
case, the material appears unsuitable for applications at 2000 F (1093 °C). 

In the case of both fibers where small additions to the spinel core were 
used, breaks were seen in the core subsequent to testing. The performance 
of the Ti 02 _ addition being superior to that of the C^O^-addi tion was 
somewhat surprising. Both additions failed to improve the properties of 
the pure spinel, and may in fact have been detrimental. 

No improvement in the low strength displayed by the 3A-glass fiber 
at 1600 F (871 C) could be expected simply by the addition of a core. A 
fracture traveling from the fiber surface toward the center at catastrophic 
speed and carrying with it an extremely high stress concentration would 
certainly not be stopped by a brittle, ceramic core. Thus, at this temp- 
erature, tensile strength tests measure the strength of the glass rather’ 
than that of the core. At 2000 °F (1093°C) the situation is different in 
that here the viscosity of the glass is low enough to allow flaws to be 
healed through plastic flow. Points of high stress concentration would 
not develop unless the rate of load application is sufficiently rapid to 
make the glass still behave as a brittle material. 
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VII. CONCLUSIONS AND RECOMMENDATIONS 


Production of high strength core-sheath fibers is possible only after 
solution of the problem of the core discontinuities resulting from the large 
volume shrinkage of pure alumina during solidification. Shrinkage discon- 
tinuities may be eliminated by using core compositions with reduced solidifi- 
cation shrinkage, which may or may not contain alumina. Of the compositions 
tried in this program, the most promising one appears to be spinel (MgOA^C^). 
Small additions to this material should be used in attempts to further 
improve its properties. 

One might conclude from the creep data in Table II and Table III that 
creep is a serious problem at 2000 F (1093 C), but this is not actually the 
case. Attenuation of the core was observed only in the case of the core 
compositions 20/mo Sni 203 , Al 203 *Ti 02 , and probably 40 w/o > an< ^ 

may have occurred with BaO-bA^C^. In all other cases, with the exception 
of the large diameter spinel core, the creep was caused by breaks in the 
core which allowed the glass to attenuate. Thus, the real problem is not 
creep, but low core strength which may be due to microscopic cracks in the 
core. It should be noted in Table II that even the fiber with the large 
diameter spinel core displayed low strength. In several instances, the 
recorder traces showed that breaks must have occurred just at the beginning 
of the creep test, or been present already. In the latter case, the breaks 
would have had to be merely discontinuities in the structure, too small to 
be seen even under the microscope. Either condition could easily be brought 
about by the large difference in thermal expansion coefficient between 
sheath and core which, during the rapid quenching associated with forming, 
introduces severe tensile stresses in the core. Thus, the low core strength 
may be the result of core discontinuities of a different nature and origin 
than those which were eliminated by replacing pure alumina with other core 
compositions, and it is quite probable that the core strength could be 
greatly improved by a closer match between the thermal expansion of sheath 
and core. Since it is highly improbable that the expansion coefficient of 
the core could be reduced to the exceptionally low value of the coefficient 
of the high-silica sheath, the only practical alternative is to attempt to 
increase the latter sufficiently. The expansion coefficients of the fibers 
already drawn from the three glass compositions mixed with high thermal 
expansion in mind should be measured. If necessary, more fibers should be 
formed from other selected compositions and tested. A close match in 
thermal expansion would not only be expected to produce a stronger fiber, 
but also to reduce the frequency of breaks occurring during forming and 
thus make fiber production more continuous and economical.- 

Several possible improvements in the forming process itself have also 
become obvious during the performance of this work. Fiber forming with the 
longer core orifice nozzle is now marginal when an iridium sheath bushing 
is used. If a glass composition requires iridium containment in order not 
to suffer discoloration, however, several measures can be taken to make 
the operation less marginal. Instead of using a ceramic support as in the 
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past, the bushing can be placed in a tungsten cup supported by three legs 
consisting of 1/4-inch (0.635 cm) tungsten rod. The smaller bulk, larger 
spacings, and higher thermal conductivity of this support would allow 
considerably more heat to reach the nozzle. Even more effective would be 
the use of a heating element with a larger diameter than in the past. The 
heat from any hot spot developing on the element would then be distributed 
over a large area of the bushing rather than concentrated in a small region 
causing localized melting. A further improvement in the forming process 
would consist of changing the sight hole into a vertical slit which would 
allow examination during forming of not only the forming cone but also the 
upper portion of the fiber. This is a critical region, because in many 
instances where core material has been seen to be present in the forming 
cone, the fiber has subsequently been found to be devoid of core. 
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A. ) Makes any warranty or representation, expressed or 

implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, apparatus, 
method, or process disclosed in this report moy not 
infringe privotely-owned rights; or 

B. ) Assumes any liabilities with respect to the use of, 

or for damages resulting from the use of, any infor- 
mation, apparatus, method or process disclosed in 
this report. 4 . '<• , . 
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or employee of such contractor prepares, disseminates, or 
provides access to any information pursuant to his employment 
or contract with NASA °r his employment with such contractor. 
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